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NEUROANATOMY
developmental regulators is Nkx2.2, a member of the vertebrate 
homeodomain transcription factor gene family homologous to the 
Drosophila NK2/ventral nervous system defective (vnd) gene (Kim 
and Nirenberg, 1989; Price et al., 1992; Jiménez et al., 1995). It was 
originally identified as a gene that is expressed in ventral regions of 
the developing vertebrate central nervous system (Price et al., 1992), 
and is closely related to Sonic hedgehog (Shh), a powerful mor-
phogen that controls progenitor proliferation, regional patterning, 
and cell fate in the developing brain (for review see Fuccillo et al., 
2006). It is involved in a wide range of regionalization mechanisms 
including the early specification of progenitor cell identity and cell 
fate processes in the ventral neural tube, in response to graded Shh 
signaling (Briscoe and Ericson, 1999; Briscoe et al., 2000). It is also 
implicated in the establishment of the alar-basal boundary (Puelles 
and Rubenstein, 1993; Vieira et al., 2005) and in the specification 
of the diencephalic patterning, helping to define distinct progeni-
tor domains (Ericson et al., 1997; Vue et al., 2007; Kataoka and 
Shimogori, 2008; Ferran et al., 2009).
Most of the data about Nkx2.2 expression in the forebrain were 
obtained in amniotes, primarily mouse, and chick, and only frag-
mentary data on Nkx2.2 expression have been reported in anamni-
otes, especially fishes and amphioxus (Holland et al., 1998; Schäfer 
et al., 2005). Surprisingly, the expression of Nkx2.2 has not been 
analyzed in the forebrain of amphibians, which constitute the only 
anamniote group of tetrapods. Of interest, in numerous recent 
IntroductIon
During the last 10 years our understanding of the organization 
of the developing forebrain has dramatically changed, in part as a 
consequence of the impressive number of morphological, chem-
oarchitectonic, embryological, and, primarily, genoarchitectonic 
data. In most of the recent studies, the columnar conception of the 
brain organization (Herrick, 1910) has been frequently challenged 
by the interpretation of the data in a current prosomeric model 
(Puelles and Rubenstein, 1993, 2003), which is emerging as the most 
useful tool in the evolutionary genoarchitectonic analysis. In this 
scheme, a prosomere, as all neural segments, is composed of four 
longitudinal zones: roof, alar plate, basal plate, and floor. Their 
boundaries are defined by molecular patterns and cellular fates 
commonly established by dorso-ventral patterning of the forebrain 
wall (Puelles and Rubenstein, 1993, 2003) that show an impressive 
grade of conservation across vertebrates in morphological and gene 
expression terms (Puelles et al., 2000; Bachy et al., 2001, 2002; Brox 
et al., 2003, 2004; Moreno et al., 2003, 2004, 2005, 2008a,b, 2010; 
Osorio et al., 2005, 2006; Flames et al., 2007; Bardet et al. 2008, 2010; 
García-Lopez et al., 2008; Abellán and Medina, 2009; Ferran et al., 
2009; Domínguez et al., 2010; Morona et al., 2011).
In this scenario, the expressions of key patterning genes involved 
both in regional and cellular specification processes are currently 
being analyzed in detail in the main vertebrate models, in order 
to establish precise traits of the forebrain evolution. Among these 
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doi: 10.3389/fnana.2011.00011studies it is shown that the forebrain organization in amphibians 
shares many key features with amniotes, mainly in terms of genetic 
specification, as revealed when the prosomeric paradigm is used 
in the interpretation of many territorial gene expression patterns 
(Bachy et al., 2001, 2002; Brox et al., 2003, 2004; Moreno et al., 2004, 
2008a,b; van den Akker et al., 2008; Domínguez et al., 2010; Morona 
et al., 2011). In particular, we have recently reported the distribution 
of xShh in the forebrain of the anuran amphibian Xenopus laevis 
during development (Domínguez et al., 2010) and, following this 
line of research, herein we have analyzed the pattern of distribution 
of Nkx2.2, a functionally and anatomically related transcription 
factor in vertebrates. The comparative analysis, following the proso-
meric model, serves to assess evolutionary trends. We have charac-
terized phenotypically the developing Nkx2.2 expressing forebrain 
subdivisions and neurons by means of the combination of Nkx2.2 
expression with forebrain essential regulators and markers, such as 
Nkx2.1, Tbr1, Pax6, GABA, Pax7, Orthopedia (Otp), xDll4, xShh, 
tyrosine hydroxylase (TH), mesotocin (MST), and somatostatin 
(SOM). The results of this study showed an extremely conserved 
distribution pattern of Nkx2.2 among vertebrates, crucial to delin-
eate subdivisions that were otherwise indistinct, and supported 
the relevance of this transcription factor in the establishment and 
organization of the forebrain.
MaterIals and Methods
anIMals and tIssue processIng
For the present study, adults, juveniles, and tadpoles of X. laevis were 
used. Embryos and larvae were classified according to Nieuwkoop 
and Faber (1967). Embryonic (42–45), premetamorphic (46–52), 
prometamorphic (53–58), and metamorphic (59–65) stages were 
used, minimizing as much as possible the number of animals used. 
All animals were treated according to the regulations and laws of 
the  European  Union  (86/609/EEC)  and  Spain  (Royal  Decrees 
1201/2005) for care and handling of animals in research, after 
approval from the University to conduct the experiments described.
Adult  Xenopus  were  purchased  from  commercial  suppliers 
(Xenopus Express; France), and the different developing   specimens 
were obtained by in vitro fertilization and maintained in tap water at 
20°C throughout their development. At appropriate times, embryos 
and larvae were deeply anesthetized in a 0.4-mg/ml solution of 
tricaine  methanesulfonate  (MS222,  Sigma-Aldrich,  Steinheim, 
Germany). The adults, juveniles, and late larvae were perfused tran-
scardially with 0.9% sodium chloride, followed by cold 4% parafor-
maldehyde in a 0.1-M phosphate buffer (PB, pH 7.4). The brains 
were removed and kept in the same fixative for 2–3 h. Subsequently, 
they were immersed in a solution of 30% sucrose in PB for 4–6 h 
at 4°C until they sank, embedded in a solution of 20% gelatin 
with 30% sucrose in PB, and stored for 6 h in a 3.7% formalde-
hyde solution at 4°C. The brains were cut on a freezing microtome 
at 40 μm (adults) or 20–30 μm (juveniles and late larvae) in the 
transverse or sagittal plane and sections were collected and rinsed 
in cold PB. The embryos and premetamorphic larvae were fixed 
by immersion overnight at 4°C in MEMFA [0.1 M MOPS (4-mor-
pholinopropanesulfonic acid) 2 mM ethyleneglycoltetraacetic acid, 
1 mM MgSO4, 3.7% formaldehyde], then they were processed in 
toto and finally sectioned at 14–16 μm thickness in the transverse, 
horizontal, or sagittal plane on a freezing microtome.
IMMunocheMIstry
Single immunohistochemistry for Nkx2.2
A  immunohistofluorescence  procedure  was  conducted  with  the 
primary antibody on the free-floating sections that, in all cases, was 
diluted in 5–10% normal serum of the species in which the second-
ary antibody was raised in PB with 0.1% Triton X-100 (Sigma) and 
2% bovine serum albumin (BSA, Sigma).The protocol included two 
steps, as follows: (1) Incubation for 72 h at 4°C in the dilution of the 
primary antibody mouse anti-Nkx2.2 (1:500; Developmental Studies 
Hybridoma Bank, DSHB, Iowa City, USA. Clone: 74.5A5) and (2) the 
second incubation was conducted for 90 min at room temperature 
with the labeled secondary antibody Alexa 488-  conjugated goat anti-
mouse (1:500; Molecular Probes; catalog reference: A21042). After 
being rinsed, the sections were mounted on glass slides and cover-
slipped with Vectashield mounting medium (Vector Laboratories, 
Burlingame, CA, USA; catalog number: H1000).
Double immunohistochemistry for Nkx2.2/Otp, Nkx2.2/MST, Nkx2.2/
SOM, Nkx2.2/Nkx2.1, Nkx2.2/Tbr1, Nkx2.2/TH, Nkx2.2/Pax6, and 
Nkx2.2/GABA
The cocktails of primary antibodies were diluted in PB with 0.1% 
Triton X-100 and used for 60 h at 4°C. They always included mouse 
anti-Nkx2.2 (1:500; DSHB) in combination with: rabbit anti-Otp 
(1:1000;  produced  by  “PickCell  laboratories”  Amsterdam,  The 
Netherlands;  according  to  the  protocol  described  in Lin  et  al., 
1999), rabbit anti-MST (diluted 1:2000; donated by Dr. J. M. Guerné 
Université de Strasbourg, France), rabbit anti-SOM (1:1000; Incstar, 
Wisconsin, USA, Code number: 20067), rabbit anti-Nkx2.1 (1:500; 
Biopat Immunotechnologies, Italy, Code number: PA0100), rab-
bit anti-Tbr1 (1:250; Santa Cruz Biotechnology, Inc., USA, Code 
number:  sc-48816),  rabbit  anti-TH  (diluted  1:1000;  Chemicon 
International, Inc., USA, Code number: P22941), rabbit anti-Pax6 
(1:200; Covance, California, USA, Code number: PBR-278P), and 
rabbit anti-GABA (1:3000; Sigma-Aldrich, Steinheim, Germany, 
Code number: A2052). The secondary antibodies were used in 
appropriated combinations and were: Alexa 488-conjugated goat 
anti-mouse (1:500, Molecular Probes) and Alexa 594-conjugated 
goat anti-rabbit (1:500, Molecular Probes; catalog number: A11012). 
In all cases, secondary antibodies were diluted in PB with 0.1% Triton 
X-100 for 90 min at room temperature. After rinsing, the sections 
were mounted on glass slides and coverslipped with Vectashield.
IN SITu hybrIdIzatIon
Double labeling with in situ hybridization and immunohistochemistry: 
Nkx2.2/xShh and Nkx2.2/xDll4
For double histofluorescence labeling experiments, we combined 
the immunohistochemistry for Nkx2.2 with in situ hybridization 
for the following markers: xShh (provided by Dr. Randal Moon. 
University of Washington; Ekker et al., 1995) and xDll4 (provided 
by Dr. Nancy Papalopulu. University of Manchester; Papalopulu 
and Kintner, 1993).
For in situ hybridization, which was performed first, antisense dig-
oxigenin (DIG)-labeled riboprobes for these markers were synthesized 
according to the protocol described in Bachy et al. (2001), linearizing 
the clones in Bluescript KS with Bam H1 (Promega, Madison, USA) 
and transcribing with T3 (Promega) for xShh, with Not1 (Promega, 
Madison, USA) and T3 (Promega) for xDll4. The embryos and 
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Domínguez et al.  Nkx2.2 in developing Xenopus forebrainThe most anterior expression detected was observed in the 
hypothalamic territory, helping to the identification of the alar 
and basal domains (Figures 1A–D). Form early (Figures 1A,B) 
to late (Figures 1C,D) developmental stages, Nkx2.2-ir cells were 
observed in the supraopto-paraventricular (SPV) region of the 
alar hypothalamus (Figures 1E–H). At embryonic developmental 
stages (Figure 1E), virtually all the cells observed in the ventricular 
(vz) and subventricular layers (svz) of this zone were Nkx2.2-ir, 
whereas from early larval (Figures 1F,G) through juvenile stages 
the cells decreased notably occupying a band in the svz (Figure 1H). 
In addition, in the alar hypothalamus scattered Nkx2.2 cells were 
observed in the suprachiasmatic (SC) territory that became more 
numerous from late developmental stages and through the adult-
hood (Figures 1A–D,G,H,P). These cells formed a continuous band 
above the optic chiasm (oc) that was especially evident in sagittal 
sections (Figures 1C,D). In the basal hypothalamus (BH), scarce 
Nkx2.2-ir cells were found in the svz of the medial part of the 
tuberal region, whereas the most posterior portion of this basal 
region was devoid of Nkx2.2 positive cells (Figures 1I–L). Caudally, 
Nkx2.2 expressing cells were detected in the diencephalon, defining 
the midbrain-diencephalic boundary (MDB; Figures 1A–D) with 
the exception of the zona limitans intrathalamica (Zli), which was 
devoid of Nkx2.2 expression (Figures 1A–D,M–P). In prosomeres 
2 (P2) and 3 (P3) Nkx2.2 positive cells were restricted to the alar 
portion (Figures 1M–P). At early stages of development, these 
cells were observed in the vz and svz of P2 and P3, respectively 
(Figures 1M,N), whereas from prometamorphic stages Nkx2.2-ir 
cells were only detected in the svz and mz (Figures 1O,P). In P1, the 
Nkx2.2-ir cells were located in the alar/basal boundary, representing 
the ventral limit of the pretectum (Figures 1I–L).
nkx2.2 dIstrIbutIon In relatIon to prosencephalIc Markers
In order to further characterize the localization of Nkx2.2-ir cells 
within the forebrain, we carried out double labeling experiments 
throughout development, using different prosencephalic markers 
(Figures 2–5).
To analyze the distribution of the Nkx2.2-ir cells in the alar 
hypothalamus we combined Nkx2.2 with the transcription factor 
Orthopedia (Otp; Figures 2A,B,E), the neuropeptides mesotocin 
(MST; Figures 2C,F) and somatostatin (SOM; Figure 2D), the 
dopaminergic marker tyrosine hydroxylase (TH; Figures 2G,H), 
and the transcription factor xDll4 (Figure 2I). From early premeta-
morphic stages, the double staining for Nkx2.2/Otp (Figure 2A) 
defined the position of a restricted population of Nkx2.2 expressing 
cells in the svz of the SPV. Whereas almost all the SPV cells expressed 
Otp (Figure 2B), only a subpopulation of the SPV cells coexpressed 
Nkx2.2 and Otp (see arrowhead in Figure 2B), just in the most 
posterior portion of the SPV, defining the limit between the SPV 
and the SC (Figures 2E,E′). This was also confirmed by the double 
labeling Nkx2.2/MST (Figure 2C) and Nkx2.2/SOM (Figure 2D).
At SC levels, the double staining for Nkx2.2/MST (Figure 2F), 
Nkx2.2/TH (Figures 2G,H), and Nkx2.2/xDll4 (Figure 2I) con-
firmed the position of Nkx2.2-ir cells in this territory, anterior to the 
oc and posterior to the SPV (Figure 2F′). In this area, the Nkx2.2-ir 
cells were found in the catecholaminergic (Figures 2G,H) and 
xDll4-expressing region (Figure 2I). During the development the 
Nkx2.2 expressing cells were numerous and from the early larvae 
premetamorphic larvae were processed in toto after progressive re-
hydration and pretreatments (see Bachy et al., 2001), and the late 
larvae were processed in floating sections (see Moreno et al., 2004).
Hybridization step was done with 3 μl/ml of a DIG-labeled RNA 
probe, in a 50% formamide containing medium overnight at 55°C. The 
solution used for prehybridization (at 60°C for 1 h) and hybridization 
contained 50% deionized formamide (Fluka, Steinheim, Germany), 
5× standard saline citrate (Sigma-Aldrich, Steinheim, Germany), 2% 
blocking reagent (Roche Diagnostics, Mannheim, Germany), 0.1% 
Tween-20,  0.5%  3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate (CHAPS; Sigma-Aldrich), 1 mg/ml of yeast tRNA 
(Sigma-Aldrich), 5 mM of ethylenediaminetetraacetic acid (Sigma-
Aldrich), and 50 g/ml of heparin (Sigma-Aldrich) in water.
Hybridization  was  detected  using  an  alkaline  phosphatase 
coupled anti-DIG antibody (Roche Diagnostics, dilution 1:1500). 
Alkaline phosphatase staining was developed with Fast red tablets 
(Roche Diagnostics). The in situ hybridization was followed by 
the immunohistochemistry for mouse anti-Nkx2.2 (1:500; DSHB) 
revealed with Alexa 488-conjugated goat anti-mouse (diluted 1:500, 
Molecular Probes). Subsequently, embryos and early larvae were 
immersed in a solution of 30% sucrose in PB until they sank, 
embedded in a solution of 20% gelatin and 30% sucrose in PB, 
and stored overnight at 4°C in a solution of 4% formaldehyde and 
30% sucrose in PB. Sections were cut at 14–25 μm thickness in the 
frontal, sagittal, and horizontal plane on a freezing microtome.
IMagIng
The sections were analyzed with an Olympus BX51 microscope 
that was equipped for fluorescence with appropriate filter com-
binations. Selected sections were photographed by using a digital 
camera (Olympus DP72). Contrast and brightness of the phot-
omicrographs were adjusted in Adobe PhotoShop CS3 (Adobe 
Systems, San Jose, CA) and figures were mounted in Canvas 11 
(ACD Systems, Canada).
results
The distribution of the Nkx2.2 protein has been analyzed in the 
prosencephalon of X. laevis from embryonic stages through the 
adult. In the following sections we analyze, using both immunohis-
tochemistry and in situ hybridization procedures, the spatio-tem-
poral sequence of Nkx2.2 expression during forebrain development 
in single (Figure 1) and double (Figures 2–5) stained material. 
All of the markers used in combination with Nkx2.2 have been 
previously used in the analysis of the Xenopus forebrain devel-
opment, and the nomenclature used in the present study largely 
follows that used in our preceding mapping studies of the anuran 
forebrain (Moreno et al., 2004, 2008a,b; Morona and González, 
2008; Domínguez et al., 2010; Morona et al., 2011). A schematic 
representation of the Nkx2.2 distribution in the case of the early 
(premetamorphic) forebrain is shown in Figure 6.
nkx2.2 dIstrIbutIon In the developIng prosencephalon
In Xenopus, Nkx2.2 immunoreactive (Nkx2.2-ir) cells were not 
observed  in  telencephalic  areas,  neither  evaginated  nor  non-
evaginated territories, from early developmental stages through 
the juvenile, when the brain morphology is close to that observed 
in adults (Figure 1).
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Domínguez et al.  Nkx2.2 in developing Xenopus forebrainTbr1 expression (Figure 4A), but allowed the identification of 
Nkx2.2-ir cells in the thalamus and prethalamus. The expres-
sion observed in the alar portion of P3 and P2 was confirmed 
by the double staining Nkx2.2/Pax6 (Figure 4B), Nkx2.2/xDll4 
(Figure 4C), and Nkx2.2/GABA (Figure 4D). In addition, spe-
cifically the Nkx2.2-ir cells in P3 were noted in the zona incerta 
(ZI; Figures 4E,F), where Nkx2.1 expression is present (Moreno 
et al., 2008a) and a conserved catecholaminergic group is located 
(Smeets and González, 2000). The combination of Nkx2.2/xShh 
confirmed the lack of Nkx2.2 expressing cells in the zona limitans 
intrathalamica (Zli; Figure 4G) defined by the xShh-expression 
(Domínguez et al., 2010).
Finally, Nkx2.2 has been functionally related to the morpho-
gen Shh implied in the alar-basal boundary establishment (for 
review see Fuccillo et al., 2006). We have recently reported the 
stages these cells showed a clear patterning, however it is from late 
developmental stages when these cells clearly formed an independ-
ent and exclusive subpopulation in the SC, situated in the ventral 
portion avoiding the anterior region (see asterisk in Figure 2F′).
From early premetamorphic stages, the double staining for Nkx2.2/
Nkx2.1 (Figure 3A) confirmed the Nkx2.2 expression in the svz of 
the BH. The double staining Nkx2.2/Otp confirmed the position of 
Nkx2.2 positive cells in the tuberal area of the BH, but avoiding the 
nucleus arcuatus (Arc), and the mammillary band (MB), both rich in 
Otp expressing cells (Figures 3B,C). In addition, the lack of Nkx2.2 
expression in the mammillary region was confirmed by the Nkx2.2/
TH (Figure 3D) and Nkx2.2/xDll4 double staining (Figure 3E).
Caudally in the diencephalon, the banded staining pattern 
obtained for the pair Nkx2.2/Tbr1 confirmed the lack of Nkx2.2 
expressing cells in the prethalamic eminence (PThE), rich in 
Figure 1 | Photomicrographs of sagittal (A–D) and transverse (e–P) 
sections through the Xenopus forebrain subdivisions along the different 
representative developmental stages. The sagittal sections show the 
almost continuous Nkx2.2 expression from anterior hypothalamic areas to the 
most caudal regions of the forebrain (A–D). Nkx2.2 is not expressed in 
telencephalic areas, from embryonic stages through the adult. Nkx2.2 
expression starts in the SPV territory of the alar hypothalamus (e–H). In the 
basal hypothalamus Nkx2.2 expression is restricted to the tuberal 
hypothalamus (i–L). In the diencephalon, Nkx2.2 is observed in the three 
prosomeres (P1–P3) and the Zli lacks Nkx2.2 expressing cells (i–P). 
Abbreviations: Arc, nucleus arcuatus; BH, basal hypothalamus; MB, 
mammillary band; MDB, midbrain-diencephalic boundary; OB, olfactory bulb; 
oc, optic chiasm; OT, optic tectum; P1-P3, diencephalic prosomeres 1–3; Pa, 
pallium; POC, preoptic commissural area/commissural septo-preoptic area; 
PO, preoptic area; PT, pretectum; PTh, prethalamus; PThE, prethalamic 
eminence; PV, paraventricular nucleus; SC, suprachiasmatic nucleus; SPa, 
subpallium; SPV, supraopto-paraventricular area; Tel, telencephalon; Th, 
thalamus; TP , posterior tubercle; Tub, tuberal area; ZI, zona incerta; Zli, zona 
limitans intrathalamica. Scale bars: 500 μm (D,L), 200 μm (C,g,H,K,O,P), 
100 μm (A,B), and 50 μm (e,F,i,J,M,N).
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Domínguez et al.  Nkx2.2 in developing Xenopus forebrainhigh conservations in the expression and function of this gene 
(Holland et al., 1998). The presence of two paralogs, Nkx2.2a and 
Nkx2.2b, was demonstrated in zebrafish and phylogenetic and 
expression analysis suggests that these genes arose by a fish-specific 
gene duplication and acquired differential transcriptional control. 
Subsequently one paralog was lost and only the Nkx2.2a is con-
sidered ortholog of the mammal gene (Schäfer et al., 2005) and, 
in addition, its expression domain is very conserved. However, 
both paralogs are regulated by Shh (Barth and Wilson, 1995; 
Schäfer et al., 2005).
In general terms, in the vertebrate central nervous system Nkx2.2 
has been implicated in the ventral neuronal patterning, at early 
developmental stages (Briscoe and Ericson, 1999), defining the alar/
basal boundary along to Shh-expression (Puelles and Rubenstein, 
1993; Vieira et al., 2005). This is found even in amphioxus, in 
which there is not obvious anatomical boundary separating alar 
and basal regions along the dorso-ventral axis of the cerebral vesicle 
(Holland et al., 1998).
precise   distribution of xShh in the Xenopus developing forebrain 
(Domínguez et al., 2010) and in the present study we have ana-
lyzed the extent of the Nkx2.2 expressing cells along the entire 
forebrain in combination with xShh, in transverse (Figures 5A,B) 
and horizontal sections (Figure 5C) to analyze their relation with 
the Xenopus forebrain axis. Of note, this double labeling shows 
that the pattern of distribution of Nkx2.2-ir cells formed a series 
of bands that extended along the anterior–posterior axis in parallel 
to adjacent stripes labeled for xShh (Figure 5).
All  the  results  obtained  from  the  double  labeling  analysis 
confirmed the localization of the Nkx2.2-ir cells in the regions 
described above and summarized in Figure 6.
dIscussIon
Nkx2.2 was the first gene of the NK2 homeobox class to be dem-
onstrated in all the deuterostomes, showing homology in all the 
models analyzed. Even possible homologies were suggested in the 
nervous system between invertebrates and vertebrates given the 
Figure 2 | Photomicrographs of sagittal (A,D–g,i) and transverse 
(B,C,e′,H) sections through the alar hypothalamus illustrating the Nkx2.2 
expression in combination with several hypothalamic markers. The most 
anterior Nkx2.2 expressing cells are observed in the SPV (the Otp expressing 
territory) during development (A,B,e,e′), in the region where it colocalizes with 
mesotocin (C,F,F′) and somatostatin (D), but only a subpopulation of the SPV 
cells coexpress Nkx2.2 and Otp [see arrow in (B,e,e′)]. At suprachiasmatic 
levels, the Nkx2.2 positive cells are located in the catecholaminergic (g,g′,H) 
and xDll4 (i) expressing region, constituting an independent territory within 
this domain (g–i). The yellow lines in (A,e,g) indicate the level of the sections 
of (B,e′,H), respectively. Yellow boxes in (F,g) indicate the higher 
magnifications shown in (F′,g′), respectively. Abbreviations as in Figure 1. 
Scale bars: 500 μm (F), 200 μm (e,e′,g), 100 μm (D,H) and 50 μm 
(A,B,C,F′,g′,i).
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Domínguez et al.  Nkx2.2 in developing Xenopus forebrainFigure 3 | Photomicrographs of transverse (A,C,D) and sagittal 
(B,e) sections through the basal hypothalamus illustrating the 
Nkx2.2 expression in combination with several hypothalamic markers. 
The Nkx2.1 expression confirms that the limited Nkx2.2 expression found in 
the basal hypothalamic territory is situated in the tuberal region 
(A), restricted to the anterior part [asterisk in (B)] and avoiding the nucleus 
arcuatus, labeled for Otp (B,C), and the mammillary band, defined by TH (D) 
and xDll4 (e,e′). Yellow box in e indicates the area shown in higher 
magnification in e´. Abbreviations as in Figure 1. Scale bars: 100 μm (B,e), 
50 μm (A,C,D,e′).
Figure 4 | Photomicrographs of transverse (A,e,F,g) and sagittal (B,C,D) 
sections through the diencephalon illustrating the Nkx2.2 expression in 
combination with diverse diencephalic markers. The prethalamic 
eminence, rich in Tbr1 (A), was devoid of Nkx2.2 expression, in contrast to the 
prethalamus, defined by the Pax6 (B) and xDll4 expressions (C). The yellow 
box in d shows a higher magnification of the Nkx2.2/GABA double labeled 
cells found in the thalamus [see arrowheads in (D,D′)]. The double labeling 
Nkx2.2/Nkx2.1 (e) and Nkx2.2/TH (F) define the position of the Nkx2.2 cells in 
the zona incerta of the prethalamus. The xShh diencephalic expression defines 
the lack of Nkx2.2 expression in the Zli (zona limitans intrathalamica) (g). 
Abbreviations as in Figure 1. Scale bars: 100 μm (B,C,D), 50 μm (A,e,F,g), 
25 μm (D′).
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tion across vertebrates (Price et al., 1992; Barth and Wilson, 1995; 
Holland et al., 1998; Schäfer et al., 2005; Vieira and Martínez, 2006; 
Vue et al., 2007; Ferran et al., 2009). In the present study we have 
provided for the first time in amphibians a detailed analysis of its 
distribution in X. laevis, a tetrapod anamniote with a forebrain 
organization that in genoarchitectonic terms shares many features 
with its counterpart in amniotes (Bachy et al., 2001, 2002; Brox 
et al., 2003, 2004; Moreno et al., 2004, 2008a,b; van den Akker 
et al., 2008; Domínguez et al., 2010; Morona et al., 2011). To fully 
understand the precise topological distribution of Nkx2.2 expres-
sion, its combination with the respective expression of different 
forebrain markers has been shown to be extremely useful. Thus, 
we have analyzed the distribution of Nkx2.2 in combination with 
the localization of Nkx2.1, Otp, Pax6, GABA, Tbr1, TH, MST, and 
SOM, and in situ hybridization for the detection of xShh and xDll4.
The expression of Nkx2.1 has been deeply analyzed in the pros-
encephalon of many vertebrates and it has served to identify the 
preoptic (PO), SC, and tuberal territories (Tub) during develop-
ment (Rohr et al., 2001; González et al., 2002a,b; Moreno et al., 
2008a; van den Akker et al., 2008), like the developmental regulatory 
gene xDll4 (Papalopulu and Kintner, 1993; Puelles and Rubenstein, 
1993; Shimamura and Rubenstein, 1997; Puelles et al., 2000; Bachy 
et al., 2002; Marín et al., 2002; Brox et al., 2003). In addition, the 
localization of TH highlighted the regionalization of the SC and 
the ZI in P3 (González et al., 1993, 1994; Milán and Puelles, 2000; 
Smeets and González, 2000). Specifically in the hypothalamus, Otp 
expression served in the identification of the SPV region and it 
also defines the Arc and the MB within the BH (Bardet et al., 2008; 
Domínguez et al., 2010). The presence of MST (or its homolog 
oxytocin) and SOM in the magnocellular neurons of the SPV is also 
a shared feature between amniotes and anamniotes (Bläsher and 
Heinrichs, 1982; González et al., 1995, 2003; Petkó and Orosz, 1996; 
López et al., 2007). In the diencephalon, the morphogen xShh was 
crucial to delimit the Zli, as well as to define the alar-basal bound-
ary and the longitudinal columns that establish the dorso-ventral 
patterning (Puelles and Rubenstein, 2003; Domínguez et al., 2010). 
The homeobox gene Tbr1 was extremely useful in the recognition 
of the PThE (Puelles et al., 2000; Brox et al., 2004) and the relative 
expression of xDll4, Pax6, and GABA served to identify the bounda-
ries of the three diencephalic prosomeres (Bachy et al., 2002; Brox 
et al., 2003; Moreno et al., 2008b; Morona et al., 2011).
Telencephalon
In mammals, the most anterior Nkx2.2 expression was observed 
in the medial ganglionic eminence (MGE), also called pallidal 
domain, which consists of, at least, five progenitor domains glo-
bally defined by the strong expression of Nkx2.1, weak expression 
of Nkx2.2, and lack of Pax6 and Shh-expressions (Flames et al., 
2007). In the case of the chicken, three subdivisions were recently 
identified in the pallidal domain, comparable to those described 
for mammals (Abellán and Medina, 2009). In chicken, the Nkx2.2 
expression was not described in detail but it seems to be weakly 
expressed in the subpallium (see Figures 4F,G in Vieira et al., 2005 
and see Figures 1K,Q in Bardet et al., 2010) in contrast to the strong 
expression found in mammals (Flames et al., 2007). Differently, in 
nkx2.2 expressIon In the forebraIn and coMparIson wIth 
other vertebrates: conservatIve traIts and evolutIonary 
IMportance
In all vertebrates analyzed Nkx2.2 is expressed in the prosen-
cephalon where it is known to be involved in the specification of 
progenitor domains and in establishing regionalization patterns. 
Moreover, it contributes to the differentiation of distinct areas and 
their compartmentalization, as well as to the acquisition of cel-
lular identity and the regulation of the distribution of the earliest 
neurons in the brain (Wilson et al., 1993; Barth and Wilson, 1994; 
Vieira and Martínez, 2006; Vue et al., 2007). Thus, the analysis in 
anamniote and amniote vertebrates of the spatio-temporal distri-
bution of this transcription factor is considered of relevance in the 
understanding of the establishment of the different subdivisions 
Figure 5 | Photomicrographs of transverse (A,B) and horizontal 
(C) sections through the forebrain illustrating Nkx2.2 expression in 
combination with xShh. The expressions of Nkx2.2 and xShh extend along 
the anterior–posterior axis in parallel adjacent stripes, forming longitudinal 
columns along the forebrain. Abbreviations as in Figure 1. Scale bars: 50 μm.
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has been recently defined, first in chicken (Bardet et al., 2006) and 
later in mouse (Flames et al., 2007), as the preoptohypothalamic zone 
(POH). It constitutes the border of the subpallium and was described 
by its characteristic and specific expression of Nkx2.2 as a narrow 
territory separating longitudinally the PO from the magnocellular 
hypothalamus (Bardet et al., 2006). This region contains progenitor 
cells that express Dlx2, Dlx5, Pax6, Olig2, and Gsh2, lacks expression 
of Nkx2.1, Shh, Nkx6.2, and Dbx1 and can be further subdivided into 
two areas because the POH1, but not the POH2, expresses high levels 
of Nkx2.2 in mammals (Flames et al., 2007; Bardet et al., 2010). In 
Xenopus, Nkx2.2 expression is not detected in a comparable region, 
given that the most anterior expression found coincides with the Otp 
SPV expressing zone within the hypothalamus (see below).
Hypothalamus
The  hypothalamus  constitutes  a  very  complex  structure,  as 
regards  its  functionality,  cell  complexity,  hodology,  develop-
ment, and morphology. Therefore, it is not surprising that the 
Xenopus (present results) and in the turtle (Moreno et al., 2010) 
Nkx2.2 expression has not been observed in the svz of the MGE. 
This interesting result might be in correlation with the presence 
of Shh-expression in the subventricular zone of the mouse MGE 
(García-Lopez et al., 2008) and chicken (Abellán and Medina, 2009) 
and its absence in the pallidal region of amphibians (Domínguez 
et al., 2010). However, Shh and Nkx2.2 are not always expressed 
in the same regions.
Also in the telencephalon, the PO region in mammals contains 
at least two distinct progenitor domains (Flames et al., 2007). The 
ventricular zone of the PO is uniquely defined by the simultaneous 
expression of Nkx2.1, Nkx2.2, and Shh, and most prominently 
by the lack of detectable levels of Gsh2, Lhx6, Lhx7, or Olig2 
expression (Flames et al., 2007). Like in the case of the MGE, 
in Xenopus (present results) but also in turtle (Moreno et al., 
2010), there is not Nkx2.2 expression in the POA. However, in 
this case it is not correlated with the lack of the Shh-expression, 
because Shh-expression is observed in the preoptocommissural 
area (Domínguez et al., 2010).
Figure 6 | Schematic drawings of sagittal and coronal sections through a premetamorphic brain of Xenopus laevis illustrating the distribution of Nkx2.2 
expressing zones (green regions in the sagittal view) and cells (green dots in the coronal view) along the forebrain. The appropriated levels of the coronal 
sections are indicated in the sagittal view. Abbreviations as in Figure 1.
Frontiers in Neuroanatomy  www.frontiersin.org  March 2011  | Volume 5  | Article 11  |  8
Domínguez et al.  Nkx2.2 in developing Xenopus forebrainexpressing neurons in the SC of Xenopus, a possible implication 
of Shh/Nkx2.2 may exist for the acquisition of the dopaminergic 
phenotype in this region.
 Finally in the BH, like in the rest of the forebrain regions, 
the elucidation of genetic combinatorial expression patterns has 
served to characterize and define regions, and their comparative 
analysis in different vertebrates has been used as a useful tool to 
establish their grade of conservation. Thus, it was defined that 
Nkx2.1 expression in the BH is required to maintain molecular 
characteristics of the developing hypothalamus (Kimura et al., 
1996; Takuma et al., 1998; Sussel et al., 1999; Marín et al., 2002; 
van den Akker et al., 2008), but other members of this gene family 
also seem to have roles in hypothalamic formation because, for 
example, Nkx2.2 or Nkx6.1 mutant mice have ventral to dorsal 
transformations (Briscoe and Ericson, 1999; Sander et al., 2000). 
In addition, in all vertebrates studied the transcription factor Otp 
is expressed in the arcuate nucleus and the oblique perimammil-
lary band of the BH (Simeone et al., 1994; Puelles and Rubenstein, 
2003; Del Giacco et al., 2006; Bardet et al., 2008), where con-
tributes to progenitor cell proliferation, survival, and migration 
(Goshu et al., 2004), and operates in the proper differentiation of 
several neurohormone-secreting nuclei (Acampora et al., 1999, 
2000; Wang and Lufkin, 2000; Michaud, 2001; Blechman et al., 
2007; Eaton and Glasgow, 2007; Ryu et al., 2007; Del Giacco 
et al., 2008; Eaton et al., 2008). Additionally, the activity of Otp is 
essential for the induction of the dopaminergic phenotype in the 
hypothalamus of vertebrates (Del Giacco et al., 2008). In Xenopus, 
the mammillary area has been defined by TH and dopamine or 
histamine immunohistochemistry (Airaksinen and Panula, 1990; 
González et al., 1993, 1994; Milán and Puelles, 2000) and further 
identified by the expression of Otp (Domínguez et al., 2010) and 
the lack of Nkx2.2 (present results). In contrast, the Nkx2.2 com-
binatorial expression patterns identified different zones within 
the Nkx2.1 expressing tuberal hypothalamus in Xenopus: an inter-
mediate Nkx2.2+/Otp− zone and the Nkx2.2−/Otp+ zone that 
constitutes the arcuate nucleus (Bardet et al., 2008; Domínguez 
et al., 2010; present results). Of note, the lack of Nkx2.2 expressing 
cells in the most posterior region of the tuberal area, coincides 
with a total absence of xShh-expression in the same territory 
(Domínguez et al., 2010).
Diencephalon
In  the  last  10  years  an  impressive  number  of  morphological, 
chemo- and genoarchitectural data has helped to the interpreta-
tion in the diencephalon of the boundaries, extent of the areas 
and identification of distinct nuclei and subnuclei. These data 
have often been gathered not only for mammals but also in a 
number of non-mammalian species and the evolutionary perspec-
tive shows the impressive degree of conservation of this forebrain 
region, not only regarding the expression of different genes but also 
their functions. In all vertebrates analyzed, the alar diencephalon 
early develops into three major neuroepithelial domains along the 
anterior–  posterior (A/P) axis, known as the prethalamus (P3), the 
thalamus (P2), and the pretectum (P1), and it is limited by two 
boundaries, the most anterior one that lies along the supraopto-
mammillary region and the posterior one that lies between the 
pretectum and the   mesencephalon (Puelles and Rubenstein, 2003; 
elucidation of its genoarchitecture is particularly important to 
understand how is generated and maintained the diversity in 
the hypothalamus. That is one of the reasons that makes fas-
cinating the hypothalamus and, thereby, the focus of analysis 
in many comparative studies. This has as its counterparts the 
numerous studies in which the nomenclature and interpreta-
tion of the nuclei and boundaries are constantly under debate 
(Szabó et al., 2009b; Bardet et al., 2010; Domínguez et al., 2010; 
Shimogori et al., 2010).
On the basis of combined expression analysis, at least two dif-
ferent longitudinal alar domains have been proposed in the chick 
hypothalamus: the Dlx- and Shh-negative SPV area, which lies 
under the border of the FoxG1-positive telencephalic field, and 
the subparaventricular area, which lies under it and is adjacent 
to the Shh-positive basal plate, and expresses Dlx5 and Nkx2.2 
(Bardet et al., 2010). In Xenopus, the most anterior Nkx2.2 posi-
tive cells were localized in a Shh−/Nkx2.1−/xDll4−/Otp+ territory 
forming a thin strip of cells that delimit the region just anterior to 
the SC (present results) and their localization within this distinct 
region is highlighted because some of these cells contain both 
Otp and Nkx2.2.
The SC region is complex in terms of nuclei organization that 
most likely reflects a complex genetic specification. In general, the 
SC is defined as a Dlx-expressing zone in all vertebrates analyzed 
(Bachy et al., 2002; Brox et al., 2003; Puelles and Rubenstein, 2003; 
Flames et al., 2007; present results). In mammals, this region does 
not express Nkx2.1 and Shh, in contrast to the situation in other 
amniotes (Medina, 2008) and anamniotes (Medina, 2008; Moreno 
et al., 2008a; Domínguez et al., 2010). In particular, although these 
two markers were not specifically described in the SC region of 
the chick, their presence can be inferred from the published map-
ping studies (compare Figures 6I,J from Puelles et al., 2000 and 
Figures 1D,P,F,J from Bardet et al., 2010) suggesting possible evo-
lutionary differences between birds and mammals in this area and/
or the existence of different progenitor domains.
The SC of X. laevis has been carefully studied in the last years, 
mapping the distribution of numerous markers that identified 
different regions within this territory. In general terms, mainly 
on the basis of calcium binding proteins expression, rostral, and 
caudal SC zones were defined (Milán and Puelles, 2000; Morona 
and González, 2008). In addition, based on the expression of 
neuropeptide  Y  and  TH  (Kramer  et  al.,  2001)  three  differ-
ent nuclei were identified, the ventrolateral, dorsomedial, and 
caudal nuclei. All of them differ from each other in location, 
shape, number of cells, and function (Kramer et al., 2001) and, 
therefore, it is logic to think that also in genetic specification. In 
terms of genoarchitecture, the expression of several genes of the 
LIM-homeodomain family appears to define distinct territories 
within this SC area (Moreno et al., 2004, 2008a). Among others, 
Islet1 is expressed in a cell population that forms a curved band 
surrounding externally the Nkx2.1/Shh vz expression, i.e., the only 
area where Nkx2.2, TH, and xGAD67/xDll4 populations seem to 
be intermingled (present results; Brox et al., 2003; Moreno et al., 
2008a; Domínguez et al., 2010). Noteworthy, it is known that 
Nkx2.2 and Shh are involved in the control of the development of 
midbrain dopaminergic neurons (Prakash and Wurst, 2006) and, 
given the close spatial relationship between Shh, Nkx2.2, and TH 
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that express Nkx2.2 and are proposed as thalamic derivates (Vue 
et al., 2007).
In Xenopus, we have found an extended Nkx2.2 positive region 
along the developing thalamus that might define a distinct progeni-
tor domain whose cells would contribute to the formation of other 
diencephalic nuclei. The Nkx2.2 thalamic expression is observed 
in different nuclei expressing diverse transcription factors such as 
x-Lhx2/9 (Moreno et al., 2004) and scattered GAD67 (Brox et al., 
2003). In addition, it is suggested that in Xenopus the Nkx2.2 gene 
is a good candidate involved in the acquisition of the GABAergic 
phenotype in the thalamus, the pretectum, and the basal plate of 
the caudal diencephalon, where there is not Dll expression (Brox 
et al., 2003; present results). In mammals and chick it has been 
proposed that the area adjacent to the Shh-expression of the Zli is 
induced by Shh to express Nkx2.2, and this area has been proposed 
to be the source of the subpopulation of GABAergic interneurons 
observed in the thalamus (Fode et al., 2000; Martínez-de-la-Torre 
et al., 2002; Puelles et al., 2004). In this context, we have observed 
Nkx2.2/GABA double labeled cells in the thalamus (present results), 
a region devoid of Dll4 expression (Brox et al., 2003; present results), 
suggesting that Nkx2.2 could be implicated in the acquisition of 
the GABAergic phenotype, like in amniotes.
Interestingly, also in Xenopus, Nkx2.2 expression is observed in 
the prethalamus, and its precise localization is corroborated by the 
colocalization of the Nkx2.2 expressing cells in the territory of P3 
that is xDll4+/Nkx2.1+/Pax6+/TH+/xShh+ (present results; Bachy 
et al., 2002; Brox et al., 2003; Moreno et al., 2008a,b; Domínguez 
et al., 2010).
As regards the Zli, it expresses Shh in all vertebrates analyzed and 
is involved in the correct acquisition of the P2 and P3 gene expres-
sion and regionalization pattern (Braun et al., 2003; Hashimoto-
Torii  et  al.,  2003;  Kiecker  and  Lumsden,  2004;  Scholpp  et  al., 
2006; Szabó et al., 2009a). In this context, Nkx2.2 expression in 
the thalamus and prethalamus is induced by Shh secreted by Zli 
cells (Kiecker and Lumsden, 2004; Vieira et al., 2005; Vieira and 
Martínez, 2006). Thus, the xShh-expression in the Zli found in 
Xenopus suggests that also in amphibians Shh is likely involved in 
the specification of the diencephalic territory (Domínguez et al., 
2010), and that xShh-expression in the Zli could lead to establish 
the Nkx2.2 expression pattern in the P2/P3 territory of amphib-
ians, like in amniotes.
Finally, the Nkx2.2 expression observed in the thalamus of the 
mouse and chicken continues into P1 (Puelles and Rubenstein, 
1993; Martínez-de-la-Torre et al., 2002). Studies about the pretectal 
molecular regionalization in chick and Xenopus have described 
that the precise Nkx2.2 expression within P1 marks the alar/basal 
boundary, representing a tentative ventral limit of the pretectum 
(Ferran et al., 2009; Morona et al., 2011; present results).
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Moreno et al., 2004, 2008b; Vieira et al., 2005; Ferran et al., 2009; 
Morona et al., 2011). Also in all the vertebrates exists the Zli as a 
secondary morphogenetic organizer in diencephalic histogenesis 
that appears as a transverse ventricular ridge between the pre-
thalamus and the thalamus from neural tube stages (Echevarría 
et al., 2003; Puelles and Rubenstein, 2003). The final position, 
boundaries, organizations, and functions are in the end defined 
by signaling molecules such as Shh or Fgf8 (Echevarría et al., 2003; 
Vieira et al., 2005, 2010; Kataoka and Shimogori, 2008), which 
act regulating the expression of developmental genes that will 
specify compartmentalization and cell fate in the diencephalon 
(Echevarría et al., 2003; Hashimoto-Torii et al., 2003; Kiecker and 
Lumsden, 2004).
In mammals, from early embryonic stages Nkx2.2 is expressed 
in a distinct pattern in all three diencephalic prosomeres (Price 
et al., 1992; Puelles and Rubenstein, 2003; Vue et al., 2007; Kataoka 
and Shimogori, 2008) and is induced by Shh, which diffuses from 
the ventral territory and from the Zli, and is directly or indirectly 
repressed by Pax6 (Pratt et al., 2000; Kiecker and Lumsden, 2004). 
However, the interaction Pax6–Nkx2.2 it is not simple and recipro-
cal given that the downregulation of Pax6 in the posterior thalamus 
is not followed by the upregulation of Nkx2.2 (Pratt et al., 2000). 
In many studies, the influence of Shh over Nkx2.2 has been dem-
onstrated (Barth and Wilson, 1995; Kiecker and Lumsden, 2004; 
Vieira and Martínez, 2006), however there are also evidences about 
their independence in different models. This is the case of the mam-
malian Nkx2.2 expression in the posterior region of the Zli, which 
is under the control of Fgf8 and not Shh (Kataoka and Shimogori, 
2008), but also in the cave-living form of the teleost fish Astyanax 
mexicanus, which shows a clear expansion of Shh-expression at the 
ventral midline but is not correlated with a larger Nkx2.2 expression 
domain; in contrast to other transcription factors expressed in the 
forebrain such us Nkx2.1 (Menuet et al., 2007).
In the diencephalon of mouse and chicken, the gene Nkx2.2 is 
expressed during development in a rostroventral band of the tha-
lamus (Puelles and Rubenstein, 1993; Martínez-de-la-Torre et al., 
2002). On the basis of the Nkx2.2 expression, a distinct progenitor 
domain has been characterized in the developing thalamus (also 
marked by Mash1; Vue et al., 2007; Kataoka and Shimogori, 2008), 
which is controlled by FGF signaling, with independence of the 
Shh activity (Kataoka and Shimogori, 2008). Later in the thalamic 
development, the expressions of Nkx2.2 and Gad67 were detected 
in different nuclei (Vue et al., 2007; Kataoka and Shimogori, 2008), 
specifically  in  the  posterior  ventral  lateral  geniculate  nucleus 
(vLGN), concluding that at least a portion of the vLGN, classically 
a considered a prethalamic nuclei (Kitamura et al., 1997), belongs 
to the set of retinorecipient thalamic nuclei that do not project to 
the cortex (Paxinos, 1994) and arises from the thalamic domain 
(Vue et al., 2007; Kataoka and Shimogori, 2008).
In the chick, the combined expression of Gbx2, Nkx2.2, and Pax6 
(Martínez-de-la-Torre et al., 2002), the cadherin expression (Redies, 
2000), and fate maps analysis (García-Lopez et al., 2004) allowed 
the identification in the thalamus of four subdivisions, the anter-
oventral, dorsal, intermediate, and ventral regions. Interestingly, 
Nkx2.2 expression was only detected into the anteroventral region 
(adjacent to the Zli) and its derivatives, among which are the set 
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